In this study, a direct recompression supercritical CO 2 Brayton cycle, using parabolic trough solar concentrators (PTC), is developed and analyzed employing a new simulation model. The effects of variations in operating conditions and parameters on the performance of the s-CO 2 Brayton cycle are investigated, also under varying weather conditions. The results indicate that the efficiency of the s-CO 2 Brayton cycle is mainly affected by the compressor outlet pressure, turbine inlet temperature and cooling temperature: Increasing the turbine inlet pressure reduces the efficiency of the cycle and also requires changing the split fraction, where increasing the turbine inlet temperature increases the efficiency, but has a very small effect on the split fraction. At the critical cooling temperature point (31.25 • C), the cycle efficiency reaches a maximum value of 0.4, but drops after this point. In optimal conditions, a cycle efficiency well above 0.4 is possible. The maximum system efficiency with the PTCs remains slightly below this value as the performance of the whole system is also affected by the solar tracking method used, the season and the incidence angle of the solar beam radiation which directly affects the efficiency of the concentrator. The choice of the tracking mode causes major temporal variations in the output of the cycle, which emphasis the role of an integrated TES with the s-CO 2 Brayton cycle to provide dispatchable power.
Introduction
The growing energy demand and the need for reducing global greenhouse gas emissions from fossil fuels have led to vigorous development of renewable energy [1] [2] [3] . Recent studies indicate that renewable energy, including concentrating solar power (CSP) technologies, could play a significant role in the forthcoming development [4] [5] [6] . CSP technologies use solar concentrators to produce high-temperature heat to drive a turbine power cycle that generates electrical power [7, 8] . Parabolic trough concentrator (PTC) technology can be considered as the most advanced and commercially proven technology for CSP plants [9] [10] [11] . Moreover, the PTC plants equipped with thermal storage could also match the power demand during night-time [12] .
However, the parabolic trough CSP has a lower solar-to-electric efficiency than the other CSP technologies, such as the solar tower and dish-Stirling [7] , mainly because of a lower concentration ratio, but also due to the maximum operating temperature of synthetic oils used as the heat transfer
System Configuration
A schematic of the proposed direct-heated recompression supercritical carbon dioxide Brayton cycle with parabolic trough solar collectors (PTC-sCO2 Brayton cycle) is shown in Figure 1 . The system is composed of a solar field, thermal energy storage, and a s-CO2 Brayton cycle. The solar field includes one or more loops of PTC collector assemblies with parameters given in Appendix A. For the receiver, we selected a SCHOTT PTR ® 70 tube (technical parameters are in Appendix A). The heat transfer fluid CO2 circulates in the receiver of the PTC, absorbs solar radiation (from state 1 to 2 in Figure 1 ), and flows into the s-CO2 Brayton cycle. The main drawback of solar energy is the mismatch between the availability and the demand, for which reason thermal energy storage, e.g., molten salt, is needed to enable the s-CO2 plant to provide dispatchable power [41, 42] . The storage is coupled to the s-CO2 Brayton power cycle through a CO2-salt heat exchanger (states 3, 4, 5, 6) . The T-s and h-s diagrams of the recompression CO2 Brayton cycle are shown in Figure 2 , the technical parameters are in Appendix A. This cycle layout enhances the efficiency by reducing the heat rejection from the cycle through the introduction of another compressor (recompressing compressor, RC) before the pre-cooler (PRC). The CO2 fluid is split into two parts before entering the pre-cooler, one part entering the pre-cooler for cooling (state 12 to 17), and the other part the recompressing compressor (state 14 to 18). The y in the Figure 1 is defined as the split ratio, which can be varied to optimize the operation of the system. The outlet of the recompressing compressor (RC) is connected between high (HTR) and low (LTR) temperature recuperators. The fluid exiting the pre-cooler is compressed to high pressure by the main compressor (MC, states [15] [16] and it is preheated by the low temperature recuperator (LTR, state [16] [17] . Then the two parts merge back into one. The entire CO2-flow is preheated in the high temperature recuperator HTR and fed into the PTC inlet (states [8] [9] . The fluid is heated up in the PTCs and leaves the PTCs at the highest cycle temperature. Then it enters the turbine, where fluid expansion (states 9-5) generates rotational energy, which is converted into electricity in the generator. The turbine exhaust is cooled in the high temperature recuperator (HTR) and low temperature recuperator (LTR), in which the available heat is transferred in the heat exchanger to the high pressure side. The basic operating mode is to charge the thermal storage when the CO2 flow rate exceeds the design flow rate for power generation. Surplus flow moves through the heat exchanger to the charge molten salt (from CT to HT). During the discharging mode, molten salt leaves the hot tank and releases heat to the CO2 flow, and then enters the cold tank (from HT to CT). For the receiver, we selected a SCHOTT PTR ® 70 tube (technical parameters are in Appendix A). The heat transfer fluid CO 2 circulates in the receiver of the PTC, absorbs solar radiation (from state 1 to 2 in Figure 1 ), and flows into the s-CO 2 Brayton cycle. The main drawback of solar energy is the mismatch between the availability and the demand, for which reason thermal energy storage, e.g., molten salt, is needed to enable the s-CO 2 plant to provide dispatchable power [41, 42] . The storage is coupled to the s-CO 2 Brayton power cycle through a CO 2 -salt heat exchanger (states 3,4,5,6). The T-s and h-s diagrams of the recompression CO 2 Brayton cycle are shown in Figure 2 , the technical parameters are in Appendix A. This cycle layout enhances the efficiency by reducing the heat rejection from the cycle through the introduction of another compressor (recompressing compressor, RC) before the pre-cooler (PRC). The CO 2 fluid is split into two parts before entering the pre-cooler, one part entering the pre-cooler for cooling (state 12 to 17), and the other part the recompressing compressor (state 14 to 18). The y in the Figure 1 is defined as the split ratio, which can be varied to optimize the operation of the system. The outlet of the recompressing compressor (RC) is connected between high (HTR) and low (LTR) temperature recuperators. The fluid exiting the pre-cooler is compressed to high pressure by the main compressor (MC, states [15] [16] and it is preheated by the low temperature recuperator (LTR, state [16] [17] . Then the two parts merge back into one. The entire CO 2 -flow is preheated in the high temperature recuperator HTR and fed into the PTC inlet (states 8-9). The fluid is heated up in the PTCs and leaves the PTCs at the highest cycle temperature. Then it enters the turbine, where fluid expansion (states 9-5) generates rotational energy, which is converted into electricity in the generator. The turbine exhaust is cooled in the high temperature recuperator (HTR) and low temperature recuperator (LTR), in which the available heat is transferred in the heat exchanger to the high pressure side. The basic operating mode is to charge the thermal storage when the CO 2 flow rate exceeds the design flow rate for power generation. Surplus flow moves through the heat exchanger to the charge molten salt (from CT to HT). During the discharging mode, molten salt leaves the hot tank and releases heat to the CO 2 flow, and then enters the cold tank (from HT to CT). 
System Model
A complete mathematical model for the direct recompression supercritical CO2 Brayton cycle using parabolic trough solar collectors was developed in this study.
The overall efficiency of the PTC-sCO2 Brayton cycle can be determined as:
where , is thermal efficiency of PTC solar field;
, is efficiency of the recompression supercritical CO2 Brayton cycle. The model equations are described in detail in the Supplementary Information. Appendix A lists all input parameters used in the simulations. The model was briefly validated with good agreement to a previous study. The nominal mechanical power of the CSP-plant considered here is 100 MW. 
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Results and Discussion

Thermodynamic Analysis of the Recompression Brayton-Cycle
The performance of the proposed direct recompression supercritical CO 2 Brayton cycle with parabolic trough concentrators is influenced by a range of system variables, such as the PTC outlet temperature, cooling temperature and compressor outlet pressure, which will be analyzed in the next section. Figure 3 shows the cycle efficiency as a function of the flow split fraction at different compressor outlet pressure values. The compressor inlet pressure and inlet temperature, and turbine inlet temperature were set to 7.4 MPa, 31.25 • C and 487 • C, respectively. Raising the maximum cycle pressure above 20 MPa would not provide benefit, as this would also require increasing the thickness of the pipes, pressure-bearing casings and heat exchangers, resulting in higher capital costs. Table 1 summarizes the optimal values of the split fraction at different compressor outlet pressures based on the maximum cycle efficiency obtained. The efficiency decreases with increasing pressure. For example, increasing the pressure from 20 MPa to 22 MPa reduces the efficiency from 0.4059 to 0.4033. Table 1 also shows that as the compressor outlet pressure changes, the split fraction need also to be changed to achieve maximum efficiency. 
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The performance of the proposed direct recompression supercritical CO2 Brayton cycle with parabolic trough concentrators is influenced by a range of system variables, such as the PTC outlet temperature, cooling temperature and compressor outlet pressure, which will be analyzed in the next section. Figure 3 shows the cycle efficiency as a function of the flow split fraction at different compressor outlet pressure values. The compressor inlet pressure and inlet temperature, and turbine inlet temperature were set to 7.4 MPa, 31.25 °C and 487 °C, respectively. Raising the maximum cycle pressure above 20 MPa would not provide benefit, as this would also require increasing the thickness of the pipes, pressure-bearing casings and heat exchangers, resulting in higher capital costs. Table 1 summarizes the optimal values of the split fraction at different compressor outlet pressures based on the maximum cycle efficiency obtained. The efficiency decreases with increasing pressure. For example, increasing the pressure from 20 MPa to 22 MPa reduces the efficiency from 0.4059 to 0.4033. Table 1 also shows that as the compressor outlet pressure changes, the split fraction need also to be changed to achieve maximum efficiency. Figure 4 shows the efficiency versus the split fraction with turbine inlet temperature as the parameter. The figure clearly indicates that increasing the temperature improves the efficiency as expected, but the beneficial effect of increasing the main compressor outlet pressure in this case would saturate, e.g., the efficiency gain would be <1% when increasing the pressure from 20 MPa to 32 MPa. Table 2 gives the optimal value of the split fraction for maximum efficiency at a different turbine inlet temperature. Comparing Tables 1 and 2, the recompression fraction is much more affected by the turbine outlet pressure than by the turbine inlet temperature.
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Operation Analysis of Parabolic Trough Solar Collector
The performance of the PTCs has also a major effect to the overall performance of the CSP. We analyzed the performance of the whole solar field against a range of key parameters, but in particular against the incidence angle of incoming solar radiation. The inlet temperature was set to 483 • C and we used clear-sky conditions typical for Delingha, P.R. of China in the analysis. Figure 8 shows the optical and thermal performance of the PTC field versus the incidence angle, clearly demonstrating decreasing performance at higher angles, as expected. At 0 • angle, i.e., when the collector normal points to the sun, the PTC field has a thermal efficiency of 0.7383, providing 260 MW of thermal power at a 482 • C outlet temperature. Whereas at a 20 • angle, the thermal power drops to 230 MW, and the outlet temperature to 470 • C. The site selection, tracking method and structural design of the PTCs need therefore careful consideration to reduce the incidence angle. The wind conditions also affect the performance through convective heat losses, but marginally due to a high concentration ratio (C = 81). For example at 0 m/s the thermal efficiency is 0.7427 and drops to 0.7407 at 20 m/s. 
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Combined Performance Analysis of PTC s-CO2 Brayton Cycle
Finally, we make a full simulation of the CSP and evaluate the thermal performance of the cycle. The selected site is in Qinhai province at latitude 37.22° N and longitude 97.23° E, which is a region for CSP development in China. At present, there are two operational CSPs which a 50 MW PTC plant [44] and a 50 MW solar tower plant [45] . The direct normal irradiance data (DNI) has a 1 min resolution. The analysis of the PTC-sCO2 Brayton cycle was performed for three days of the year with different seasonal patterns: 22 March, 21 June and 2 December. These particular days represent the monthly average day of solar radiation in March, June and December [39] . The parameter values shown in Appendix A are used for the calculation for both the s-CO2 Brayton cycle and PTC collector.
The net power output, useful energy, system efficiency and CO2 flow with two tracking modes (E-W and N-S) are depicted in Figure 9 . The turbine inlet temperature is fixed to 483 °C, and the N-S and E-W tracking modes yield quite different temporal output patterns: In the N-S mode on March 22 (Figure 9a,b) , the output increases from morning to noon, reaching a maximum efficiency at noon (system efficiency 0.318 and CO2 flow 2027 kg/s); in the E-W mode a minimum efficiency is reached at noon and a maximum efficiency at 9 am and 4 pm. The average daily system efficiency of the E-W mode is 0.2637 and for the N-S mode, it is 0.2787.
The goodness of the tracking modes change with season, so that on June 22, which has the longest daytime of the year (in the Northern Hemisphere), the average efficiency of the E-W mode is now 0.2875, and 0.2152 in the N-S mode (Figures 9c,d) . The E-W mode has very poor operating performance at noon with a system efficiency of 0.0097 and CO2 flow of 59 kg/s, whereas in the N-S mode, the system efficiency is 0.3240 and the CO2 flow rate 1981 kg/s at noon delivering 136 MW.
Contrary to the previous days, the performance on December 2 shown in Figures 9e,f delivers smoother operation, though a lower output power level. The maximum system efficiency of the N-S mode is 0.3232 and then it is 0.2379 for the E-W mode, but now in the morning and in the afternoon. The daily average efficiency of the E-W mode is 0.2793 and 0.3061 for the N-S mode. 
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In Figure 10 , we have analyzed a case with thermal storage on a partly cloudy day. The direct normal irradiance (DNI) was measured with a pyrheliometer with a daily uncertainty of 1% and the sun tracker had a pointing accuracy of 0.1°. During clear-sky conditions, the PTCs provide adequate heat to operate the s-CO2 Brayton cycle at full capacity and excess heat is charged into the TES system. In Figure 10 , we have analyzed a case with thermal storage on a partly cloudy day. The direct normal irradiance (DNI) was measured with a pyrheliometer with a daily uncertainty of 1% and the sun tracker had a pointing accuracy of 0.1 • . During clear-sky conditions, the PTCs provide adequate heat to operate the s-CO 2 Brayton cycle at full capacity and excess heat is charged into the TES system. When the DNI is below the threshold, the TES starts to discharge heat to the cycle, thus enabling power production during the overcast and off-solar hours.
When the DNI is below the threshold, the TES starts to discharge heat to the cycle, thus enabling power production during the overcast and off-solar hours. 
Conclusions
In this study, we analyzed an integrated CSP system in which a direct heated s-CO2 recompression Brayton cycle was coupled to a parabolic trough solar collector (PTC) and thermal storage. An integrated model combining the solar and cycle part was developed. The model was used to analyze the effects of the variations in design parameters and operating conditions on the performance of system. Important variables of interest included the compressor inlet temperature, compressor outlet pressure, turbine inlet temperature and cooling temperature. In case of the PTC solar field, the effects of the incoming solar incidence angle and wind velocity were of particular interest. The operating characteristics of the whole system were also analyzed for three typical days.
We found that when increasing the turbine inlet pressure the efficiency of the cycle is reduced. For example a change from 20 MPa to 22 MPa reduced the maximum efficiency from 0.4059 to 0.4033, but the split fraction needed also to be changed to reach the maximum. Whereas, increasing the turbine inlet temperature increased the efficiency, e.g., moving from 350 °C to 600 °C increased the efficiency from 0.2987 to 0.4693 with very small effect on the split fraction. At the critical cooling temperature point of 31.25 °C, the cycle efficiency reached a maximum value of 0.3997, but after which point it drops, e.g., at 36 °C the cycle efficiency was 0.390.
The optical efficiency of the PTC reduces with increasing incidence angle: At 0° the optical efficiency was 0.85 and dropped at 30° to 0.694, which reduced the PTC thermal output by 30%. The effect of wind speed on the thermal efficiency of the PTC was minor.
Key system performance values, such as the power output, CO2 flow, etc. are affected by the tracking method chosen and the time point of observation. In the N-S mode, the best performance is at noontime, while for the E-W mode the maximum is in the morning and afternoon, and the minimum is found at noon. For example, during the highest solar radiation conditions in the summer (21 June), in the N-S mode the system efficiency at noon is 0.3240 (CO2 flow rate 1981 kg/s), whereas the E-W mode yields a system efficiency of 0.0097 (CO2 flow 59 kg/s) only. The kind of temporal variation emphasizes the role of an integrated TES with the s-CO2 Brayton cycle to provide dispatchable power.
Some studies [46, 47] have shown that the system efficiency of a PTC plant using a Rankine cycle is 0.15-0.21, which is lower than that of the s-CO2 Brayton cycle. There are still several challenges to be solved in the engineering solutions of PTC-sCO2, such as the sealing problems of the system under high pressure, and the stable and safe operation of the supercritical carbon dioxide turbine. 
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Our computational results thus indicate that the s-CO 2 Brayton cycle is a promising option for PTCs. The results will help with system optimization of future CSP. Table A3 . Thermal properties of storage salt [50] . 
Appendix A Technical Parameters
